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ABSTRACT

A cemputer cost model of suppressive shielding structures
has been constructed and is presented in the report. This
model consists of design-aid and cost estimation programs
which, with proper inputs, calculates and outputs specific
design and cost variables of suppressive structures. Design
variables include the'follow1ng= veniting coefficient, plas-
tic bending and yield moments of beams, penetration of pri-
mary fragments, and the total effective thickness ot plates.
Cost output variables include : material, fabrication,

welding, and total costs of panels, frame, door, and founda-
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tion of a4 cubical suppressive structure. A description of

the model and its construction details are reviewed in the

B e

report. A user's guide which includes step Ly step instruc-

tions in data inputs is also provided.
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CHAPTER I
INTRODUCTION

Suppressive shielding is a relatively rnew concept in
safeguaring versonncl and property in case of an accidental
explogion during manufacturing, iransporting, and storing
of explosives. e

A suppressive structure (sometimes called a suppressive
shield) is an enclosure of a hazardous operation so that if
an accidental explosion occurs, primary damage will be to
the enclosed snace. It can also be used in storing or
transporting ammunitions and explosives of various strengths.

Conventiocnal safeguarding of hazardous operations and
ammunitions is through the use of concrete barriers. These
barriers can either be barricades or cubical - types structures
where one or more sides and/or the roof of the structures are
of frangible consgstruction or open to atmosphere. The design
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frasments to the side(s) where minimum damage can result in
the event of an accidental explosion. In most cases, pres-
sure and fragments resulting from explogions caugeg serious
injuries and property damage due to the presence of unpro-
tected sides that are of frangible construction or open to the
atmosyhere. Suppressive structures, on the other hand, pro-
vide more complete protection than conerete barriers.

Their usual design is to contain all yrimary fragments
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inside the étructuro and to allow controlled venting of
blast presgure reevlting from an oxplosion.

llosl suppressive structures basically-consist of four
ma jor structural components: frame, panel, door, and
foundation. Xxcept for the foundation which ig made ¢f
reinforced concrete, all the other parts are made from
structural stcel. Primary fragments are to be stopped by
thickness of the stcel. Présgure venting 1s done by using
perforated plates and alir spaces beftween structural elcments
such as angle bars, W beams, pipes, ctc. (s=2e Appendix B)

The economic value of suppressive gtrvctures must be
determincd before they can replace the concrete barriersg.
An economic feagibility analycis was conducted by the U.S.
Army Iaterial Systems Anelysis Agency at Aberdecen Yroving
Ground in June 1974 (1)¥. This study distinguished the
effects of ¢ifferent levels of protection and inherent
differcnces in costs betwsen suppressive gtructures and
concrete wall structures. Saving-to-investment ratios
(s/1) are computed in this study upon foregoing walls and
ingtalling suppressive walls for the modernization of 10%mm
melt-pour complex at the Lone Star Army Ammunition Fiant.
Recults of thic study indicated that suppressive structures
arc economically more attractive than concrete barriers.

Therefore, it is rcocommended that lhe technological

*  Numbers in parenthecis refer to numbered references in
the Ligt of References.
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development of supproscsive structures should he continued
and that value engineering of supprescsive struciures chould
be accomplished concurrent with testing of'suppressive
structures.

Value engineering is the systematic application of

recognized techniques which identify the function of a
product or service, egtablish a monetary vaiue for that
function, and provide the necessary function reliably at

the lowest overall coct (2). The most opporftune time to

apply value engineering 1is during rescarch and develomment

_ _,z-.;,..-’...:m.::m.uﬁ.._-w..f.-h = P ey — =
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so that any cost savings can be realized throughout the
: complete 1ife cycle of the end product (3).
E T The basic objectives in applying value engineering
{\ ) during research and development are to reduce the high cost
f; . of developnent, the subsequent cost of production, and the g

consequent costs related to operation and maintenance (3).

e s

Since suppressive structures are still in the development
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now ig the best time for the application of value

L atma kit

enginezring.
Research work in this area has been conducted and the j

groundvork for value engineering in development of suppressive

structures was reported (3). This research project, as

part of the value englneering study for suppressive struc-

- tures, has been irtroduced in reference 3 carlier. The

objective of this resesrch project and its role in value

PRI T AR
. .
i

engincering of suppressive structbture will be discussed in

Chapter 17.
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CHAPTER II
A COST MODEL FOR SUPPRLSSIVE SQRUCTURES
The importance of value englineering in the development
stage of suppressive structures has been mentioned. A cost

model is developed to serve as an important base of the

value enginerring study for a suppressive structure. This
cos3t model censists of funcﬁional requirement parameters,
material parameters, geometric parameters, and economic
paramnecters,

FUNCTIONAL REQUIREMENT PARAI‘ETERS (3)

The functional requirement parameters in a cost model
are generally specified values from an analysis of the c¢cntire
- suppregsive structiure condurted before the actual design
- stage. These parameters are generated from the four basic

requirements safety, prevention of mechanical failure,

r

environment and logistic support.

The primary parametars which are associated with safety

O
CuL
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o

requiremenis are ihe safl

explosive charge to the person, struc’urecs, and equipment

el i A S o e 0 S ol i e Sy SR gl

outgide the suppressive structure. Cther purameters such
as degree of fire, chemical effects, etc., from any hazards
produced by an explosion will also be considered.

The plastic yield strength of structura’ members and

pcenetration »f fragmenty are the basic design narameters

which relaie to the fracture failure mode.

1
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. Temperaturce, humidity, neoise, and degree of ventilation

otz

CUEe o

I

i

B =T T om b EREBELG LW e T B AR L RS L e i ek Al i = il A ol o TR S BT Y DI Y




[ i e

—

= are required environmental parameters.

Time between inspections, wmaintenance time (painting, ;

joining), etc., are logistic support paraméters.

i These functional requircment parameters are primarily

" influenced by factors external to the structure, and,
depending on which particular structure and its application,
i these parametcrs can possibly be dependent upeon each cother.

| GEQKLPRIC PARAMETERS (3)

Geometric parameters of the cost model include the
following:
1. Geonmetric dimensions from selected configurations

cf stecl angles, Z beams, W beams, tubes and panels which

e T —

consist of single, stiffened, multibay and yawed shapes.

P ieonloppmant w gromirapu

2. Georetric dimensions of frame, foundation and

.
.

supporting structures such as doors, etc.

ifhee aniod

3. Spacing between panels, size and distribution of

holes in panels, etc. The geometry of an element of

suppressive structures can always be uniquely defined by

- ~—

apcecifying certain independent geomeiric parawecters.

ATERTAL PARAMETERS (3)

e — .

o

: Weight, density, yield strength, ultimate sirength,

1 elastic modulus, Poisson's ratio, toughness, unit cost, and

temperature coefiicient may be congidered as the lmportardt

material parameters. In conducting a desirn study, the

gselection of a material for a stiructual clement will be, in

general, based primarily on the material parameters which
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are e¢xplicitly defined. f%Yhegce parameters are mostly
dependent on each other and on chemical and physical
structures in available materials.

ECONQMIC PARALETLRS (3)

The economic parameters for a suppressive shield in-
clude the following:

1. The cost of structural steel shapes at the fabrica-
tion shop. The base price of the shapes varies with prices
charged by the mills according to the size, weight, shape,
quantity of steel required, and the cost ol transporting the
steel to the shop.

2. The cest of preparing drawings for use by the shop
in fabricating the steel. The total cost of the drawings
is charged to the steel supplied for a job., The costl per
unit weigbt of steel will vary with the total cost of
drawings and the quanfity of stecel supplicd,

3. The cost of handling and fabricating the steel
shapes into finished members. It will vary considerably
with the operation pefformed, the sizes and ghapes of the
members, and the extent to which the operations are dupli-
cated ¢n similar members. For welded connections, the
fabricating operations may include cutting, some punching
for temporary bolt connections, milling, beveling, and shop
velding.,

b, The cosl of shop painting, if requircd., ©The

approximate cosls of applying a coatl of paint 1o structural

R Bl i oy st N 2 T e i
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stecel for various types of members aﬁd structures and of the
labor are included.

5. The cost of shop overhead, sales, and profits.

6. The cost of transporting structual steel. It will
vary with the quantity of steel, the method of transporting,
and the distance from the shop 1o the job site.

7. The cost of erection, including equipment, labor,
bolts, rivets, or welding.

8. The cost of field painting the steel structure.

9. The cost cf job overhead, gecneral overhead;
insuranc:, taxes, and applications.

THE COST LQUATION

The cost parameters described above are closely related
to design variables and parameters of a suppressive shield.

With these costs paramelers, z cost eguation (3) is given as

below:

Cos% () = f Functional /Material
requirement . parameters
parameters ) \ )
Geometric Economic
parameters , parameters

This cquation is uscd as the design-ald and cost
estimate modcel in this report. The design-~aid portion of
this model will irclude mest parameters of the functional
requirenment paramcters, the material parameters, and the
geomelric paramelters while the cogt estimate portion handles

the economic paramcters c¢f the cost equation,

L) AR
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The computerized model can be Leperaﬁed inte two parts,
i.e., the (esign-aid model and the ccst estimate model.
Figure 1 is a flow chart of the use of the model (3).
According to a specific suppressive shielding application,
some avplication reguirements are ceslabliched and a donor
system con be prescribed. Erom this donor system, weight
and speed of primary fragments (&,5,6), blast pressure load-
ing (4,5,6), and venting reguircments (4,5) are obtained.

A suppressive shielding structurce is designed and its
structural elements are checked against their response to

dynamic loading and functional design reguiremenis. Deilalled

evaluations of the technical requirements are made and their
effect on total performance is determined. Through desisn
review some design alternatives arc chosen, the evaluation
of alternatives and cost effectiveness analysis are followed
to produce a cost effective suppressive shield (3).

The objective of the design-aid model (a computer aided
design of a suppressive structure) is to assist the designer
of a suppressive slructure by rapidly changing quantities
of various design variables and parametcers in order to

achieve an eccenomic desipn and to sutisfy desisn requirements,

g

Rather than manually calculatiry; vorious design variables
and paramcters, existing degizn cquations are prosramned in
a computer lanruacse and recsul ls arce oblained.

The sawme approach is propocved for the cost egtimalion
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of suppressive structures. 7The conventional method of cost
estinmation is a mostly manual method. Such cost cstimaling
processes are being used in estimating cests of various

suppressive structures (7, €, 9 & 10). This process (3) i

4]

1, According to the drawings (blue prints) of a
suppressive structure, its major components, i.e., panel,
door, frame, and fourdation are formed. All gtructural
elements of each substructufe together with their materials,
major characteristics and geometric dimensions are listed on
a table. The primary measuring quantities associated with
these clements are dimensions, volume, material density, and
weight from which the materiazl cost can be priced.

2., The manufacturing costs related to making structural
elements arc csliimated frowm suggestéd manufacturing processes
of each structural element by reliable sources and references
(11, 12, 13, 14). The most important quantities in esti-
mating mamifacturing costs are processing time, and use of
equipment. These costs are obtained Ir
sonnel and some reliable references for each measaring
gquantity.

lMaking use of the similarities between suppressive
structurcs, a programed cost estimate model is developed
baged on the cost information obiainced from the results of
the conventional method, This cost cgtimate model is .
combined with the degign-aid wmodel to form the general

valuce cost model for guppressive stroecturcs. This modcel
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serves agc an important tool for a value engineering study.

Hopefully, throush the vse of this model, the desipgners of

suppressive structures can save some of théir valuable time
for decision making rather than performing repeated manual

calculaiion of cost and design quantitieg.

IMODLEL TESTING

The validity of a computer model must be tested before
it can be used confidently.ﬂ Testing can be done by comparing
results computed by use of the model to existing data. The
design-aid model and the cost estimate model were tested
seperately against design and cost estimate results of the
Categorieg IIT and IV suppressive shields obtained from
references 9, 16 and 17. A comparison of computer model
results and analytic results are shown in table 1 for the
design-aid model, and table 2 for the cost es%imate model.

Result of comparison shows that the model outputs are, in

most cases, in excellent agreement with analytic data.
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ELELENT

Panel

Door

Frame

Foundation

Whole
Structure

COST 1-ODEL

CATEGORY TV

TARALETERS

TABLE 11.

llaterial
Welding
Fabrication

Material
Welding
Fabrication

lMaterial
Welding
Fabrication
llaterial
Fabrication

Tﬂaterial
Welding
FPabrication

GRAND TOTAL

CLD

ESTIITATED CO:FUTER 110DEL
VALUES () VALUES (3)
14508 14577
22540 16908
7714 5685
“ 1340 1350
1293 1566
291 526
6381 6501
2034 7501
1578 2535
SRR 343
100 33
22554 22772
25867 26018
9684 8881
58106 57672

COL'PARTIZCI OF COSY ESTIIATING FOR
OGORY 1V SUPPRESS

ITE STRUCTURE
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CHAYTER I11
I10DEL. DESCRIYTION

The computer model is formed by a main program and ten
subroutines written in FORTRAN 1V computer language (see
Appendix A). The main program contains the input and the
output portions of the model. It coordinates the proper
sequence of calculatibns by‘calling the appropriate sub-
routines. The proper sequence of calculations the program
will execute depends on the options specified. The three
options in the model are described below. Necessary inputs

of each option and their formats are discussed in Chapter IV.

OPTIONS

A. OPTION #1

This option will print a list of W beams. angle bars,
and steel iipes, designated by beam type numbers 1, 2, and 3
(see figures 3, 4 and 5). These beams are tested in the
model so that all ihe beams on the 1ist are strong enough to
withstand input pressure lcading. These beams that are listed
arc standrd sizec beams gelected from reference 15. The
advantages of using standard size beams in steel construction
are that they are readily available and are more economical
than non-standard size beams. Vith the list provided by
this option, the designer can choose the beam(s) after
reviewinz the economical and technical aspectc of its usage

in a suppressive structure.
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he computer proccdures for option nunber 1 are sum-
narized as followe:

1. Adeck ol data cards containing démensions for
standard gized beameg are inputted and stored.

2. Required inputs are read.

3. ¥lastlc yield noment and plastic bending moment of
each beam are calculated and conmpared (see description of
subroutine LUDSH on pege

k. The beams whose plastic yield moment is greater than
or eaual to its plastic bending moment are listed,

B. OPTION ;2

Thig option is uced when dircect cost estimation of a
cubical suppressive structure is desired. Required inputs
arce the overall dimensions of the gtructure to be estimated,
type of panel configuration of the structure, and cost

’
parameters associated vwith each type of panel configuration.
Cost ouantities that will be calculated are listed below:

1. Naterial cost, fabrication cost, and welding cost
for each component, i.0. frame, pancl, door, and foundation.

2. Total material cosi, total welding cost, and total
fatrication cost.

3. Teotel frame cost, total panel cost, total door cost,
total foundation cost, and total cost.

These cost guantities are calculated by the cost

estinale model te be described later in this chanter.
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C. OLUICN 3 |
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This option includes toth suppressive shiclding panel §
degipgn and zost estimation, The design—aid model is first %
used to calculate design parameters such as venting coeffi- E
R

cient (c¢ffective venting area ratio), plastic yield moment %
and plastic bending moment of beams, effective thickness of g
perforated plates required for both the gquasi-static pressure : é

and the impulsive pressure,‘and length of fragment penetra-
tion. These values are then used as inputs to the cost
estimation model for cost estimation of the same cost quan-
tities described in option #2. ;
Steps and calculation executed in this option are as
follows:s
1. Read the reguired input quantities.

2, Calculate venting coefficient required (call sub-

routine VENT).

3. Calcula pare plastic yield moment and
plastic bending moment of beams (call subroutine BIMDSN).

4. Calculate effective thickness of perforated plates

required and number ¢f holes required for proper pressure
venting (call subroutine PLDSN).
5. Calculate length of fragment penetration in steel
(call subroutine FRGFN). ‘
) 6. Set total thickness of perforated plates to the
larger of effective thickness of perforated plates from

step I and length of fragment penetration calculated in
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step 5.

7. Calculate thickness of eacnh porforated piate.

8. Estimate cost of structure using quantities from
steps 1, 2, 3 and 7?7 ( call subroutine COSTH) .

YFour types of panel configurations are programmed for
use in cptions #2 ané #3 (see Tipure 2). They are made of
combinations of fragment stopping and pressufe venting ol-
emcents such as angle barg, VW beams, pipes, and perrforated
vlategs,.

Subroutines in the model are constructed for calculations
of design and cost variables. They can be divided into two
groups: The design-aid subroutines and the cost estimate
" subroutines. The design-aid subroutines are coordinated by
the main program to form the design-aid model. The cost
estimate sybroutines themselves constitutes the cest estimate

model. .

The design-aid subroutines include: BREDSH (beam design),
PLDSN (plate design), VENT (venting), FRGPN (fragment pene-
tration), and RTYOL (root of polynomials). Lxcept for the
subroutine RTPOL which 1is adopted from the scientific sub-'

routine package of the IDM 1130 computer, all thc cther

ot L D i A s v e Y

design-aid subrouvtines are developed from design equations

obtained primarily from reference 4 and 20. C e : L k

T S

The cogot estimate subroutines are: COSTM (cost model),

FRAME ({frame costs), FANRL (pancl coste), DOOR (door cosots),

wh

and FIDTH (foundation costs). These subroutines are bascd

PR 1 ¥ FIR NPV ISR
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’
on estimates ¢bituined {ro.: refercnce €.

THE DESIGH-ATD SUBRCUTIILS

A. SUBROUTINE DIDSN

This cubroutine calculates, compares, and returns the
vlastic yield monmcent and the plastic bending moment of beams
or bars or a suppressive panel. An error ccde of 0 will be
returned if plastic yield moment of the beam 1s larger or
equal to the plastic bending mument of the beam. Otherwisge
an error code of 1 will be returned. Eguations for calcu-
lating plastic bending moment (Mp) and plastic yileld moment

(Mpy) are given as follovws * (4):

i#v% 1?5,
mp = (1)
16N Ap VI A
Ip
X - . . 600 . . ..
Ilpy 1.05 x 41600.0 x CB (2)

Three types of beams are considerced in this subroutine.
Their dimensions and the formula (21) for their moment of
inertia (IB). crocs-sectional area (AB), and section modulus

(Cb) arc chown in figuves 3, # and 5. The correct formula

—

* A1l syabols used in egquationg in this chapler and their

- corresponding variable name used in the model are listed and

cxplained in table 3.
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SYLiPOL

hole

11
r

LT ALAS 01
Cross-section area of bcams
Stacking distance between beams
Section modulus of beams
Total venting coefficlent
Venting coefficient per plate
Thickness for impulsive loading
Minimum thickness of Plates
Effective thickness for plates
Impulcive pressure
Moment of inertia of beanms
Lengtih of beam
Weight of primary fragment
Weight of residual fragment
Plastic bending moment of beams
Plastic yield moment of beams
Support coefficent
Number of plates per panel
Number of holes on plates
Penetration of fragments
Quasi-static pressure

Side on gafcty pressure

- .- Mass density.qf-steel

TALLL 111,

HODKL WAL

DIIIEHZI0ON

SYIBOLE FOR TQUATICHNS

AREA
B

c
VCOEY
VCPPL

HMAX
HEFF
Al
MIHTA
BTAML, L
WIFAG
WRFAG
MOMTY
MOMHT
SCOLF
NOP
NHOLL
PENTH
rQ

5o

.2
in
in

in

in
in

in

in
1b.
1b.
in-1b.

in-1b.

p In
DNSTYN  1b.-sce/in

PR
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.- SYIEOL ExiLARAE O  140DEL, NAME  DIMENSION
R ¥ Jety distance te perconnel R rt.
SI Safety factor SF
Vf Veldlocity of poamary fragmpnt VPFAG {t/cec
V. Fesidual velociivy oi fragment VRFAG ft/scc
W Center Ceflectiorn of beanm €0 in
R ~ Veight of charge WGTCH 1b.
X lenatr oF suppressiQQ shicld IS ft.
Y leight of suppressive ghield HSS £t.
. Ty Tield sirength of stzel YS psi
!
i
j
|
. PALLLE 111, SYUB0L5 T'OR BOUALIONS (COITILULD)
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for 1ps AB’ and CB will be usecd when type of beam isg

specified.

The gymbol b, in equation 1 stands for the stacking
distance between two panel beams (see figures 6, 7, and 8).
It is related to the venting area ratio (ep) and the demension

of the beam. Formulas are found for all three types of beams

(5,19).
1.

Type 1 - 1 Beams (figure 6)

b = a4+ 1
a

C. = .

P 2y

Substituting equation 4 into 3

P = 2 eb+ 1,

p
Solving for b
1
b o=
1-2e

P
Type I1 - Angle bars (figure 7)

b = 1.414 (t + a).

a
Up - *:b—‘

Combining equations 7 and 8

TR ELIER S R R e

b o= LML+t + 1.4 epb.

Solving for b
1010 ¢
b = — .

o - 1. 414 ¢
TRE SRR AR

O e LA O e T RN L T A L S A W a1 SR ﬁmﬁm i N 5 o e Ml

b s e e e e

fav
(el

(3)

(L)

:

\ 2} :
i

(6) :
3

(7)

(8) 3

(9)

(10)
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FIGURE 7 - TYPE I3 PANET BEAIS
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3. Type TIT- Pipes (figure 8)

a

- ) 11

e, - ._ (11)

b = d + a, (12)

Combining equations 11 and 12:

Y = do+bep (13)
d

T B (14)
1 -c

4]
B, SUBROUTINE PLDSN

Minimum effective thickness of perforated plates
required to withstand blast pressure loading and number of
holes necesgsary for pressure venting requirement are the
cutmut variables.

Minimun effective thickness (hep) is obtained by first
calculating thickness for both impulgive pressure loading
(hy) and thickness for.quasi-gtatic loading (hq). A

relationship for hy is given as below (20):

/ir X f . X\ / v,
\@hd2>— 2 1 [1 (Y)](hd\/ i) Y><hd>

i

- 2 BN 2 ’
M-1__2 X W 2N X )
D S 1.+(—" —Q) + ( )( 0)-(15)
160 2 Y h J3 Vv /\n

Equation 15 can be simplified to:

2
Ahy? + Bhy” - C = 0 | (16)
Where >
J-1 Y 2 %
A =T [—) ey —— (= U, P e,
2 N Y 3 \ v 0 y




. 3 -1 47 %\ 2i1 X \ )
B T e j_ - .‘ — — 1“] - G..
16 N2 Y 3 % j o F Yy,

e 2,2
C = lr X~.

Roots of eauation 16 are found by using subroutine
. « to

RTPOL. Thickness for impulsive loading (hy) is set equal
to the largest positive root calculated by RTPOL.
As for hq’ it can be found from the foilowing equation

(20):

32

| . \i
. oN-1 ,2H-3 % B\
). (17)

+ ——— —

“ . /‘3— .n,zz 1‘3-2) Y h

Solving for hq, equation 17 beconmes:
2

D hq + B hq + F = 0 (18)

Vhere

2/ X 2

W ‘ -

D= ———— 1+ [—
2“‘/1“}

Sl -2 1T2(3-N) 5 \ 2] JN-1 203
E 1 +{— [+ . S Y
32 | \v } 3 ANy Je
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“he roots of quadrutic cquation 18 are:
- Lt Y u2 - by
h 1,2 = : . (19)
q 2D '

Ye want hq to be the largest positive root. Thercfore:
- E+ E2 - Lpr
h = ’ (20)
a 2D

After both hy and hq arce calcvlated using cguations 16

and 20, minimun total thickness of pancl plates (hmin) is
then set equal to the larger of hd and hq.

To compensate for the effect of venting space on per-

b

orated plates, hep (minimum effective thickness of each
perforated plates) is found by (5):
h_.
hep =~ (22)
n(l -e
(1 - ep) |
Number of holes required for each perforated plate is
calculated by dividing venting area by arca of holes:

= —22 (23)

Nhole - A
hole
C. SUBRQUTINE VENT
The venting coefficlent (e) 17 calculated and returned
in this subroutine. "e" is the total venting coefficient

for all perforated plates or beams. VYor venting cocfficicent

" of each individual -plate, the following formula is used (5):

1 1 1 Y

C c ¢ e}

. - N R N " - B
Y A b o8 N 1T o v R b, il A KB ok Il e Ll

s i ikl




And for n plates

1 n
| . | _, (25)

i € .ep

i And therefore:
= ep = ne, (26)

Relationship for "e" is given by (4):
w /3 J1/2

F_. = 976. < - 2

fs 976.3 ; R3/2 ) Xi/é ( 7)
Solving for "e", equation 27 yields:

c = 75 . (28)

Z
976.3 W,
The following constraints arc imposed on eguations (27)

and ( 28) .

. 0.0265 = e % 0.60. (292a)
X ‘
0,323 & — £ 1.77. (29Db)
- R
R
F 4,27 & ——— & 17.5, (29¢)
' C

Thege 1limits are checked in the subroutine and i{ “they

are ezceeded, corresponding error messages will be returned.

For design purpesecs, "e" is set cgual to 0.02063 if its value
is less thon 0.0263 4nd ic set cqual to 0.6 if its value is
grener than 0.6,

D, SUPROUTINE FLGPH

With weight and velocity of primary fragments as input

variables, depth of fragment penetration in steel is calcu-

lated. It is the lhickness of gteel thal would be neccsoary
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to whop penctration of primary fragments. The equation uscd in

ites caleculation is (5):

I

vy Ve
? P=0.112 H° - —— (30)
i 1000

This subroutine is also programmed to return residual
velocity (Vr) and residual weight of fragment (Il,) if the
thickness of steel target is specified. The value of the
residual fragment velocity will be negative if the target

thickness is thicker than required. Formula for these two

quantities are given as (5):

! b
log10 (Mf - Mr) = ag ;5% ay loglo Xi (31)
E ) . l
logyy (Vi - vr) = b+ §=£~ bj logy, xj (32)
}
Where' X, = Tn.ckness of steel target,
; X, = Weight of primary fragment.
% X3 = Secant of angle bLeitween direction of
fragment and normal of the targel.
X4 = Velocity of primary gragment.
And a, = -2.2776 3 b = 3.90Ch ;
ap = 0.2685 5 by = 0,996 .
% Ay # 0.1958 5 by = 12002 3 | f
[ . ay = 0.039% 5 b, = 0,1929 ;
;
‘ 3
f ;
i |
b SV SO AT YAV T AP T AT 3/ - d
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Upon solving for i, and Vo cquations 31 and 32 becone;

!
(ag + 5;1 a; logyy X3)

1, = My - 10 . (33)
)
(b + :i: b, logy, X3;) (34)
o o 10 %)
V.=V, - 10 J= .

r i

COST LESTINIATY SUBROUTINIES

F—=

A. SUDROUTINE COSTL

This subroutine and the other cost subroutines cons-
titutes the cost estimate mode.. It calls the other four
cost subroutines (FLRALE, DOOE, PANEL, and FNDTN) for material
cost, welding cost, and fabrication cost of each of the four
components of a cubical suppregssive shield. With these cost
quantities, it computes valueg for total welding cost, total
material cost, total fabrication cost, total cost of door,
total cost_of frame, total cost of panels, total cost of
foundation, and total costl of structure (grand total).

The cost estimale model is developed for cubical

ructu Dodriernrygy TV animnr
A

SUPPreuLive 8 ressive shields

rucvoures. Lvavegery 1LV cunpressave
represent a typical type of cubical suppressive structure with
well definced featureg. Therefore, i1 iz usged as w base for
the construction of the cost estimate model.

A Tow oogunmplions are made upon the congtruction of the
cost éstimate models

1. ALY structures have the sase bosic structural
conponents as the Category IV cupprevnsive shiceld.

2. A1l dimengsions of siructural components varies

N -, " - S s *
et L i o 0O SN e 2 Sk i

Ty N ORAE L W -
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linecarly with the overall dimensicns of the suppreesive
structures. |

3, Fabrication cost and welding cost'of structure are
linearly related to the material cost of structure.

According to a cost cstimate of a Category 1V suppressive
shield (9}, 26¢ is a recasonable figure for average cost per
1b. of steel of structure which includes such cost items as
base price at mill, éxtras and delivery to shop, drafting,
shop coat paint, trucking to job site, erect and plumb, crane
and minor errection equivment, and a field coat paint. This
figurce does not include welding ccst and fabrication cost
of the structure. Velding cost includes cost of weld,
welding equipment, and lebor cost for welding. Fabrication
cost is the cost of equipment and labor for culting, grinding,
and smoothing of structural members into preper shapces and
sizes.. Thb cost estimate (9) showed that the average welding
cost and the average fabrication cost (per pound of steel)
are 31¢ and 11¢ respectively.

In the cost estimate subroutines, the weight of each
component of the suppressive structure will firgt be computed.
Then the material cost of cach component arc delermined by:

Material cout = Weipght of structure x Unit cost of stecl

(35)

W

where o T PO S o .
Unit coot of cteel = 5C.2C per pound,
rrom material cost, fabricatior coct and welding cont

of coach component can be calculated:

AT Ao S

ke
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Fabrication cost = laterial cogt x Fabrication cost
factor (36)

Velding cost = liaterial cost x Welding cost factor (37)

where
$.11

Fabrication cost factor = = 0,39, (38)
$.26

and
$.31

Welding cost factor = — g— = 1.16, (39)
\%).02 ’

To compensate for the effects of inflation and other
economic factors that may affect the cost of the structure,
valueg for unit cogt of steel, fabrication ceost factor, and

vielding cost factor can be changed easily.

This subroutine computes and returns the material cost,
the fabrication cost, and the welding cost of the frame of
a cubical suppressive shicld.

The f}ame of a cubical suppressive shield consistg
mainly of W beams, angle bars, and plates. Total weight of
W beams constitutes appreximately 4945 of the total weight
of frame (9). Therefore, if we can estimatle the weight of
¥i beamns, then:

Total weight of frame (1b) = total weight of W beans

100
y (40)
L9

“Potal weirht of W beams i& directly related 1o total &=

X

volune of Y beams:

Total welghtl of ¥ beams = Total volume of W beans

¥ densily of steel (41)




. where
Density of steel = 490 1b/cu. ft. (42)
Volume of VW beam is calculated Trom 1ength of % bean
and its cross scctional arca:

Volume oif ¥ beam = Length of YW beam x cross section
area. (43)

Fourteen vertically situated U beams account for 65.97%
of total lengin of all W beams needed (9). Therefore, total
length of ¥ beums can te calculated by:

Total length of U beam = 14 x ~%gg;— x Height of Irame.

5.

By combining equations 41, #3, and 44, we have the

equation for the total weight of Irame.
. Total weight of frame = 21.7 x Helght of frame
x Cross sccltlonal arca

x Densily of steel

y 100
% — (45)
lC ;
+9 :,
U ST SR SN J O S L YA
AT this l)u.Lu"L., \::«}u."fu.uu;.v 35, 36, ond 37 arc uacd to

calculate material cost, welding cosi and fabrication cost

of the framec. | g
C. SUBROUTINE PAHNLL

This subroutine is programmed te return material cost,
fabrication cost, and welding cost of ~ll ibe panecle of a
édpbféﬁéi%e-éffﬁcfureF.'Féuf'ﬁypds‘bf:pérél‘bohfiéﬁratioﬁé
) are also prosramncd to be consigiont with the aesign-ald

model (see figure 2). E

Total weight of a pancl ig covtrilutind Ly the Following
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groups of structural clements:

1. Trapment sitopping and pre--urc venting e¢lements - W
beams, angles, stecl pipes, and pcrforated.plates.

2. Channels.

3. Iiiscellaneous items - bafs and plates.

The kind of fragment stopping and pressure venling
elements used in a panel is determined by the panel configura-
tion chosen. Two chahnels ére used for the frame of a panel.
Fiiscellaneous items such as 1ifting eyes and relnforcement
bars are needed to complete the panel.

Miscellaneous items contribute very little to the total
weight of a panel. It only amounts to about 13% of the total
weilght of panel (9). VYor an estimate of its weight, we will
congider it as a percentage of the weight of channel:

Weight of miscellaneous items

. + = 2.8 x Weight channel

Weight of channel (46) .

Thug, total weight of chamnel can be estimated by:

Total welight per panel = 2.8 x weight of channel

+ weight of fragment stopping and
pressure venting elements (47).

Weight ot channel is computed as follows:
Welght of channels = Rumber of channels

x Length of each channel

"X 6ross scctional area of channel
x Dengity of steel . (L&)
A recagsonable ecstimate of crogs scctional arca of channcl

is by its width:
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Crooss sectional

Therefore, equation 4 becomes:

Weirsht of channel

vherc

Length of chiannel =

1idth of c¢harmel =

Mumber of channels

Vieiszht of fragment

aren = 0,58 x Width of channel. (he)

Mamber of channels
x Length of channel x 0,58
x Width of channel

% Dengith of steel (50)

Height of panel.

Thickness of panel.

|

2

stopping and pressure venting elcment

(¢Ifp) varies with the type of panel configuration specified:

L]

1. FPanel configuration ;1

Wep i cqual to the sum of weight of angles 1,

veight of anglegs 2, and weight of perforated plates.

\.’.’fp

vvhere

Ueight of

Veipght of angles 1 + Weight of angles

I (RPN
[ din ba

angles 2

i

™D

f perforated plates

(=8 7 ot -

_—
L% )
Jor
N

Number of angles 1 x Cross section-
al area 1 x Panel lenzth x Dengity
of steel . (52)

Inunber of anzles 2 % Crocs scetion-

- 'al’area -2 x Panél-length -x Density ..

‘.

0 steel . (53)




Veight of perforated vlates = lNumber of peyforated plates
% Thickness of cach plate
b4 Panel.height

¥ Fanel length

X Density of steel . (54)

2. Panel configuration #2:

In this configuration, wfp equals to the welight of
angles plus the weight of perforated plates.
wfp = Keight of angles + Weight of F. plates (55)
where
Weight of angles = Number of angles
% Cross sectional areca
. X Panel length
T x Density of steel , (56)
- Number of angles = Ianel height/b. (57)
Number of perforated plates is computed vsing cquation 54.
3. Panel configuration #3:
Only ¥ beams are used in this configuration. Thoré—-
fore, pr is egual to the welght of W heans,
Wfp = Velght of W bewuns ?
= Number of VW beams X Yanel length :
¥ Cross sectional arca of \i bean i
e v Densia ofstesd o (50) 1
..:ﬂ-n-"n n wﬁ@fé O S TC AT RO S I Dty T
. Fwiber of ¥ beams = 2 (pan2l height/b) - 1 . (59)

o 2 e i M LR T PRV VLA
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4, Yanel configuration .it:

Two rovs of steel vives of the same size are ucsed
for stopving fragments and venting pressure. wfp for this
configuraticn can be calculated as follows:

wfp =iWGight of pipes
= Mumber of wipes x Fanel length
¥ Cross sectional area of pipe
x Density of stecl (60).
vhere
Number of wnipes = 2 (panel height/b) - 1 . (61).
Now, total weight of the panel can be computed by using
equations 47, 50, and the equations of wfp for all four types
of panel configurations. Welding and fabrication cost of
panel can be found by using equations 35, 36, and 37.
D. SUBROUTINE DOOK
This subroutine calculates the material cost, welding

cost and fabrication cost of a suppressive door. The gtruc-

ture of a suppressive 4oor basically the same

44}

i
It has the same basic elements: fragment stopping and pres-
sure venting clements, channels, and miscellaneous items. Due
to these similarities, equations derived for panel costs are
applicable for door costs alsc. All equations for wfp
(eoudtlons )l to (l) w1ll bc thciuame MLLh pdncl lonrth anu
” pﬁncl h01"hL Ch(n”hd to door ]cn“th ﬁud door hc wnt. Pvtra

chiannels are needed Tor the door ecdpes. Therefore, the

equation for welilght of channel becomes:

et AR o b S
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1

X
2
G
3
S |
;:,'2

k]

d




——

ot Se——— ¢
[y —————

L2

i

velsht of channel 2 (door heﬁght and Goor length)

-x 0.58 |

x Door thickness

x Density of steel . (62)

Special itemc such as trolleys and trolley tracks,

changes equation 46 to:

Weight of migcellaneous itens

+ _ = 2.04 x Weight of channel
Weight of channcl (63).
Thus
Total weight of door = 2.04 x Weight of channel + Yoo
(6l)

Material cost, welding cost, and fabrication cost of
door are then computed using equation 35, 36, and 37.
. E. SUBROUTINE FRDTH

This subroutine is used to estimate material cost, weld-

ing cost, uwnd fabrication cost of the foundation of a cubical

suppressive shield., Iliaterial cost includes cost of concrete

el o cEMie

anG miscellancous ilems. Cost of concrete can be calculaled

from the total volume of concrete used:

L ek ke tiaptt  wid A S

Cost of concrete = Volume of concrete x Unit cost o
concrete. (

£
65)

wvhere

DN T S

Unit coct of concrete = $28.71 per cu. yd. of concrele.

i .Yolume of concrete needed-is computed by given length :

- . . N M . " "é

) of foundation (lf), width of foundation (wi). and heifht of :
. . : . . :
foundation (hf)~ Fipure 9 represents the concretice poriion of |
. 1

the foundation and therelfore: 3
. ,'z

3

:

.z




I3

Y 16 o Salch? = e - 1 - 21
. Volwaie of concrete (lf i hf) (Lf dtf)
x (wf ~ th) be (hf - tf) . (66) §
' Cest of miscellancous items approximately equals to 335 ;
x of cost of concrete (9). Yherefore: N
! Total meterial cost of foundation = 1.33 x Cost of :
concrete(67). 3
Vlelding cost is equal to zero since no welding is g
nececgesary. Fabrication cost of foundation 1s obitalned by E
using equations 67 and 36. ;
3
3
1
{
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Reguirea dota to be inputted by the user are listed

Lelow for all of the three options. Input proccdures for
regulred Gata will be described later in this chaptler.

REQUITED THIUWS

A. TINPUTS TOR OPwioH #1
1. Option mumber - equals to 1.

2. lenzth of suppressive structure - distance between

, corner vertical ¥ beams of the longer side (£4.).
. 3. Utiath of suppresgive structure - distance between

corner verlical V% beams of the shorier side (£t.).

Ib,  Height of suppressive structure - distance between
; top of concrcte slab and the lowest roof V' beam.

5. Impulsive pressure i (psi-sec).

6. Quasi-static pressurc P, {psi).
B, 1IFMUYWS IOR (7101 #2

1, Option nuwmber - cquals to 2.

2. Tength of suvpressive structure (f£t.).

3. widath of supvresisive cliucture (O.).

(o T e s by Hdight of suppressiveé-structure (ft.) .o -

[ [ 3

5. wy:re of vancl conlizuvetion - 1, 2, 3, or & (ccec

figure 2).
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»’H:

Other inpule for thic option dcpend or. the type of panel
confisuration gpecified in 5.

For panel configuration ;71 only:

6. Cross-sectional arca of angles 1 (sq. Tft. ).

7. Cross-scctional area of angles 2 (sy. T4.).

8. ‘"Yniclknecs of perforated plates (ft.).

For panel coni :uration it only: |

6. Cross-sectional area of angles (sq. ft.).

7. Thickness of perforated nlates ({t.).

For panel configuration #3 oniy:

6. Venting coeificient per plate (ep).

7. Cross~scctional arca ol Y bemns (sq. fi.).

&, Width of W beams (w) - sce firmure 3 (ft.),

Yor panel configuration ;!4 only:

6. V?nting coefTicient per plate (ep).

7. Crosg-sectional arca of steel pipes (sq. £t.).

£&. Outside diameter of pipes (do) in feet.
C. INPUTS FOR OPPIONS #3

1. Option numbcf - equals to 3.

2. Length of suppressive structure (I1.).

3. Width of suppressive structure ({t.).

by Ileioth of suppressive gtructure (£L.).

_,35€£ impu1§iye_fressﬁre i£_1pS;fsQ9)!:FJ;

6

. Ouasi-siatic presourc lki (poi).

~2

Side on uafety wreusurce v, (psi).

e
-

safely distance Lo personnel R (1t.).

o
B e st L i bk e
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10.
11.

12,

Other inputs

ion
For
13,
1k,
15.
Yor
13.
1k,

PRI U
RRIPRUEE S,

yryoper Angut nrocedurcs lor doatae

specified in

“eisht of exnlosive chargo.VC (1n.).

teight of primcry fragment lip (1@.).

Velocity o»f primary fragmcnt V. (it./sece).

wype of panel configuration - 1, 2, 3, or 4 (see
Lfigure 2).

are deternined by tyve of panel confipurat-.
12,

panel configuration #1 only:

Height of angles 1 (h)-sec fTigure 4 (in.).
Yiidth of angles 1 (w)-see Tigurc & (in.).
“hickness of angles 1 (1)-see Tigare 4 (in.).
pangl configuration /2 only:

Heizht of ansles (h)-seec figure 4 (in.).
Uidth of angles (w)-sece figure & (in.).

“hickness of angles (t)-see fisure 4 (in.).

»

nanel condiguration #3 only:

Height of W bean (h)-sce figure 3 (in.). 1
Vidbh of W bveam {(wy-oee {igurc 3 (in.).

"hickncss of Vo beam (1) -see fijgure 3 (in.). i

pencel confisuration U only:
Veicght of pipe (h)-see figure 5 (in.). i

(in.).

‘Thickness of pipe (t)-see figurce 5 (in.).

VAGLh of wdlpe (w)-rece fisure 5

ey e
Lol

vhien woiye thoe nodee]

in thic cection. Mo veer wusl follow coch
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duc1n4i pu;ni ic l(qullcu. ALL“ LJ yunch3u¢, Lhe order of

- i kb SN

gtep corefuvlly to avoid miclending recults and errors.

Sample input forws Lor oplions .1, fz, and ;3 are shown
in figures 10 to 15. Card number, card columns, and descrip-
tion of the input variable arc given in the input forms.

The user is required to use the corrcct input form for the
option chogsen and entere the numerical values for the input
rariables in blanl gpaces on the right., The ﬁser»should

malke cereain that the numbers entered are of the sawe format
(intezer numbers or floating polnt nwnbers) and dimension ag
speciiyicd. Special atlentlon must he given vhen f11ling out
input torms for options 72 and ;#3. MNotice that there arc

five parts of each input form. Yart A chould bo £illcd oul

at 21l times before proceeding to other parts. larts L, C,

]

D and I are used for additional inputs for panel configura-
tions 1, J #3, and #I respectively. After completing
partl 4, Tfill out the part that corresvonds to the panel con-
figuration you have chosen. HNumerical values entered sheuld
be checked after the conpletion of the input fora.

The next step is'to key-punch data cerds from the input
form. Thmerical velucs for input variablcs should be key-

puniched within the card colwinsg specificd on imput Lorm vhen

these ddta calda should be chmcked, :G;:A“f ?.'7wuyt_,'~ﬂx“




L
1INPUT ORI FOR OPTION #1
CARD R YA TR AT ST NUMERICAL
ek | cohs VARIABLE DESCRIPTION i
1 3 Option number 1
{no dccimal ypoint)
2 1-10 !Length of suppressive shield
(£%.)
(decimal point required)
2 11-20 ©idth of suppressive shield
(ft.)
(decimal point required)
2 21-30 Height of suppressive shicld
(£t.)
(decinmal point required)
3 1-10 Tmpulsive pressure (psi-scc)
(decimal point required)
3 1i-20 Quasi-static pressure P
(psi) 4
(decimal point required)

IGURE 10

%
3
1k
]
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i
i
i
1
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1HIUY OR TOR 010N jf2

PARYT A - FFOR ALL PANEIL COI‘“IGURA'.PIOI‘IS

CALD CARD T NUMERICAL
MULTER | COLULES VARIABLE DLSCRIYTION VALUE
1 3 Option number 2

(no decimal point)

2 1-10 Leng?h ol supnregsive shicld
(ft.
(decimal point required)
| 2 131-20 | Width of suppressive shield
(i"t')

(decimal point required)

2 21-20 it Height ¢f supprescive shicld
(£%.)
(decimal point required)

3 3 Type of pancl configuration

(rio decimal point)

PART B - I'OR PANEL CONFIGURATION #1 ONLY

Iy 1-10 Cross-sectional area of angles 1
(sq.'ft. )
(decimal point required)
Iy 11-20 |[Cross-sectional arca of angles 2 -
(sg. TL.} .
(decimal point reguired)
b 21-30 Ihickness of perforated plates
(ft.)

(decimal point required)

FIGURN 11




CONTILUATION OF INPUT FCRM FOR OPTICH #2

PART C - FOR PAMNEL CONFICURATION ;2 ONLY

51

Iy 1-10 | Cross-sectional area of angles
(eq. £t.) )
(decimal point required)
Iy 11-20 | Thickness of perforated plates

(ft.)

(decimal point required)

PART D -

FOR PAN

EL CONFIGURATION i#3 ONLY

i

L 1-10 | Venting coefficient per plate
CI)
(Gecimal point required)
L 11-20 Cross-sectional area of
vl beam (egq. ft.)
(decimal point required)
4 21-30 liidth of W beam

(£t.)
(deeimal point required)

PART & - TFOR PAl

EL CONFIGURAYION 4 OHLY

L 1-10 Venting coefficient per plate
C
(decimal point required)

& 11-20 | Cross-scctional arsa of pipe
(sq. Tt.)
(dzcimal point required)

I 21-30 | Outside diamcter of pipe d

(11.) ©
(decimal point required)

Finus 12

2 12 o =
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INPUT ¥ORE FOR CFTION #3
PART A - FOR ALL PANEL CONFIGURATIONS
CARD CARD 1 TG BT B N NUMERICAL
NUIEER | COLUHNE VARIABLE DESCRIFPTION VALUE
1 3 Option number 3
(no decimal point)
2 1-10 Length of suppression shield
(ft.)
(decimal point required)
2 11-20 [Yidth of suppressive shield
(ft.)
(decimal point required)
2 21-30 Height of suppressive shield
(ft.)
(decimal point reguired)
3 1-10 Inpulsive pressure ir
(psi-sec)
(decimal point required)
3 11-20 Quagi-static pressure T
(pei) 4
(decimal point required)
b 1-10 | Side on safety prcssure PS
(psi) : .
(decimal point required)
Ly 11-20 Safetly distance to personnel I
(£t.)
(decimal point required)
Iy 7

21 -30

“eisht of explocive charpe HC

(1%.)

(dccimal'poipt'fequiréd) ', “;“.

FIGURE 13
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CONYINUATLON

"1" Qv INFUT FORIE FOR OPTIO

PART A - CONTINUED

N

=
L)

5

1-10

Vieight of primary Ifragment M
(1b.)
(decimal point required)

T

i1-20

Velocity of primary fragment V
(£t./sec.)
(decimal point requircd)

f

\W3)

Type of panel configuration
(ro decimal point)

PART B -

FOR TAIEL COMPIGURATION 741 ONLY

7

1-10

Height of angles 1
(in.)
(decimal point requiread)

11-20

Width of angleg 1
(in.)
(decimal point reguired)

21-30

.

Thickness of angies 1
(in.)
{decimal point required)

PART C -

FOR PANEL CONPIGURATION #2 ONLY

7 1-10 | Height of angles
(in.)
(decimal point reguisraed)
7 11-20 l1idth of angles
(in.)
(decimal point required)
21-30 Yhickneass of angleo

(in.) .

o (dCCimal'bq;nt r¢quir€d1"

FICULE 1)

2N g 72 ¢ AN
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COTMINUATICH "2" OF THPUT FOTL FOR OPTION #3

PART I - FOR PANEI, CONFIGURATION #3 OWLY

7 1-10 Height of W beam
(in.) :
(decimal point required)
7 11-20 7idth of W beam
(in.)
(decimal point required)
7 21-30 Thickness of W beam
(in.)

(decimal point required)

FART ¥ - FOR PANEL CONPFLGURATION /4 ONLY

7 1~-10 | Height of pipe
(in.)
(decimal point wequired)

7 11-20 | %idth of pipe
{(in.)
(decimal point required)

7 21-30 Thickness of plipe
(in.)
(decimal point required)

Vi k. et

FICHERE 15



CHALY TRV
CONCLUSTONS

The design and cost information of a suppressive
structure are the necegsary backbones to support value engi-
neering activities (3). The design-aid and cocst estimate
model prescnted in this report provides a valuable mean for
oblaining such informations. %The advantages of using this
model have been discussed in previous chapters. However,
supprescive structures are still under development. New
ideas and design concepts are contlnuously being generated
by researchers and designers of suppressive projects.
Therefore, the model must be perlodically revised according
1o new technolozy and developments to provide up to date

desizn and cost information. The design-aid model could

be easily modified for new design concepts. Corresponding
changes in the cost estimate model could also be done to
pI“OV'_".l; a comnlete value model.

Thig model is developed only for cublcal suppressive

structures. The model can be modified to include design and

ost cotimates of different types of suppressive struciures.

One should clearly define desirced objectives, functions,
or lU]pOubu lhdL 1he uulrc,UJVL ub‘UCLu]Lu are to bL
'Jancompll shed. whcn appl ing thls modol.. ‘AlY functlonal
reouvlivements escential Lo the cttainnent c¢f deslred ponle
raet then be identifiod. Turthermore, various slternolives

of cencepte for accompliching the tunclions have to be




1

revievied and eonhanced. A cost-ceficctive cuprressive shield

should reoult through the une of thie model and otler value

engineering activitecs outlined in refercnce 3.
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